Keeled flowers are characteristic of many species of Polygalaceae (tribe Polygaleae), in which there is often a distinctive crest located at the abaxial petal. This study of floral ontogeny across the entire family highlights potential suites of characters that relate to the evolution of keeled and crested flowers. One character suite encompasses interconnected transformations of the lateral perianth organs acting as an evolutionary module: bracteoles, lateral sepals (with delayed initiation and petaloid appearance), and lateral petals (suppressed or lost). The plastochron between initiation of the lateral sepals and that of the other sepals is relatively long in the tribe Polygaleae, in which the calyx is usually heteromorphic. By contrast, in the petal whorl, the difference between a zygomorphic and an actinomorphic corolla involves organ suppression rather than heterochrony. Four primary androecial patterns are identified in the family, and the gynoecium ranges between syncarpousbicarpellate and multicarpellate. Stigma diversity is based on two primary morphological types: one in which the papillate stigmatic surfaces lie close together, the other in which they are physically separated. The floral ontogeny of Polygalaceae is considered alongside comparative data available for other members of the order Fabales, and hypotheses to account for the similarities and differences between keeled flowers are discussed.
Introduction
Keeled flowers (also termed papilionate flowers ; Tucker 2003) are monosymmetric flowers in which one of the petals (or two fused petals) forms a longitudinal keel that encloses the reproductive organs. The keel is therefore a complex structure that typically facilitates secondary (or tertiary) pollen presentation, since pollen is deposited on the keel or stigma from the anthers. Keeled flowers are highly characteristic of the rosid eudicot order Fabales, a molecularly welldefined group of four families: Leguminosae, Polygalaceae, Quillajaceae, and Surianaceae (APG III 2009). Keeled flowers occur in papilionoid legumes and most Polygalaceae ( fig. 1 ), but polysymmetric flowers predominate in the two small families Quillajaceae (one genus, two species) and Surianaceae (five genera, eight species; Bello et al. 2007) and are also present in some members of the larger families Leguminosae (;727 genera, 19,325 species) and Polygalaceae (;21 genera, 800-1000 species). Nonkeeled monosymmetric flowers also occur within the order (e.g., Amherstia, Afzelia, Bauhinia spp., Clitoria, and Canavalia in the Leguminosae and Xanthophyllum in the Polygalaceae). Flowers of papilionoid legumes are characterized by a keel and a suite of other characters, including three distinctive petal morphs per flower, descending imbricate petal aestivation (the standard petal outside the others in bud), a synsepalous calyx tube, a bilaterally symmetrical standard that reflexes as the flower opens, and mirror-image pairs of wings and keels (Tucker 2003) .
In a comparative study of mature floral characters, Westerkamp and Weber (1999) concluded that despite functional similarities and a common fundamentally pentamerous condition, the keeled flowers of Polygalaceae and Leguminosae differ in key aspects, such as the orientation of the median perianth organs and the merosity and disposition of the androecium ( fig. 1 ), and are therefore convergent. Prenner (2004b) investigated floral development for these superficially similar forms, examining one exemplar of Polygalaceae (Polygala myrtifolia). He noted some shared developmental features between P. myrtifolia and legumes, including acropetal and helical initiation of floral organs; the morphogenetic function of bracteoles, suppression, and loss of organs; synchronous stamen differentiation (after asynchronous initiation) and late fusion of filaments; late closure of the gynoecium; and late expression of floral asymmetry.
Polygalaceae, a family that includes trees, lianas, shrubs, and perennial or annual herbs, is currently classified into four tribes (Carpolobieae, Moutabeae, Polygaleae, and Xanthophylleae), primarily on the basis of floral morphology (Chodat 1896; Eriksen 1993b; Eriksen and Persson 2007) . Floral morphology is diverse in the family ( fig. 2 ). Most species of the largest tribe, Polygaleae (13 genera: Acanthocladus, Ancylotropis, Badiera, Bredemeyera, Comesperma, Epirixanthes, Hualania, Monnina, Muraltia, Polygala, Pteromonnina, Salomonia, and Securidaca), possess characteristic keeled flowers with petaloid lateral sepals, suppressed lateral petals, a crestlike structure at the distal end of the keeled petal, an octomerous androecium, and a bicarpellate gynoecium. Carpolobieae (two genera: Atroxima and Carpolobia) possess five well-developed petals, five stamens, and a tricarpellate gynoecium. Flowers of Moutabeae (five genera: Balgoya, Barnhartia, Diclidanthera, Eriandra, and Moutabea) are predominantly polysymmetric, sometimes with a tubular connate perianth and a highly variable number of fused carpels. Xanthophylleae (one genus, Xanthophyllum) possess five fully developed petals, eight stamens, two carpels, and parietal placentation bearing 4-40 ovules.
Until now, Prenner's (2004b) study was the only explicitly comparative study of the development of keeled flowers in the order Fabales, and despite considerable work on floral ontogeny in Leguminosae (Tucker 1991 (Tucker , 1998 (Tucker , 2000a (Tucker , 2000b (Tucker , 2001a (Tucker , 2001b (Tucker , 2001c (Tucker , 2002a (Tucker , 2002b (Tucker , 2002c (Tucker , 2003 Tucker and Douglas 1994; Tucker and Kantz 1997, 2001; Klitgaard 1999; Mansano et al. 2002; Herendeen et al. 2003; Prenner 2004a Prenner , 2004c and Quillajaceae and Surianaceae (Bello et al. 2007) , comparative data on Polygalaceae are limited to relatively few taxa (Kruger et al. 1988; Bamert 1990; Eriksen 1993a; Prenner 2004b) . In this article, we present a comparative study of floral ontogeny in Polygalaceae, particularly of the keeled flowers of the family, with the aim of a broader assessment of the variation within the family and the homologies of their diverse floral structures.
Material and Methods
Material labeled ''COL'' was collected in Colombia. Material labeled ''K'' was obtained from the spirit collections at Kew. Muraltia was collected by Regine Claßen-Bockhoff in South Africa (MJG), and Xanthophyllum was obtained from the spirit collections in Leiden. Fresh-collected material from non-Polygaleae proved impossible to obtain. The following species of Polygalaceae were examined. Floral buds at different stages of development were processed for scanning electron microscopy (SEM). Buds were dissected under a Wild Heerbrugg (M8) stereoscope and dehydrated through ethanol series. Material was critical-point dried with a Tousimis Autosamdri 815B Series A unit and mounted on aluminum stubs with double-sided tape for coating with platinum in an Emitech K550 sputter-coater. The samples were examined with a Hitachi cold-field emission SEM S-4700 at 2 kV, and the images were recorded digitally for subsequent manipulation.
Results

Inflorescence Structure and Development
Inflorescences are cymose (determinate) in Xanthophyllum sp. (Xanthophylleae) and some Moutabeae (Moutabea and Eriandra) but indeterminate (racemose) in all other Polygalaceae (Carpolobieae, Polygaleae, and other Moutabeae), in which the racemes usually possess dense helical rows of flower buds and are sometimes spikelike (e.g., Epirixanthes, Polygala, Salomonia). Bud inception is acropetal in a helix (figs. 3A, 4L). Each floral bud is subtended by a bract and preceded by two lateral bracteoles. However, bracteoles are sometimes absent from two species of Polygaleae that lack lateral petaloid sepals (Salomonia cylindrica and Epirixanthes papuana). In these two species, flowers either possess two bracteoles ( fig. 4O ) or one bracteole ( fig. 4M ) or lack bracteoles ( fig. 9A) , and all three types can co-occur on the same inflorescence; we found no individuals that were entirely bracteolate or entirely nonbracteolate. In Moutabeae (Barnhartia floribunda, Diclidanthera bolivarensis) and Xanthophylleae (Xanthophyllum sp.), the bracteoles do not flank the floral bud during organ initiation or enlargement. In contrast, the bracteoles in several species of Polygaleae are closely attached to the lateral flanks of the floral buds during organ initiation (figs. 3, 4, 7, 8) .
Perianth
In mature flowers of all Polygalaceae, sepal lobes are free or postgenitally fused and sepal aestivation is imbricate. Sepal initiation is helical ( fig. 3B, 3C ; fig. 7A, 7D ), starting at the abaxial side, and can be either unidirectional ( fig. 4M ) or bidirectional ( fig. 4A, 4B; fig. 8A ). The lateral sepals are delayed with respect to the other sepals, so their initiation overlaps temporally with petal initiation (figs. 3C, 4B; fig. 7 ; figs. 8A, 9A). The lateral sepals and the abaxial petal are similar in size during development (figs. 3H, 4F; fig. 8B , 8C, 8G). In the keeled tribe Polygaleae, the lateral flanks of the flower buds are covered directly by bracteoles ( fig. 3F, 3G ; figs. 4O, 7H). In Diclidanthera, Barnhartia, and Eriandra, the sepals fuse around an enlarged floral receptacle, forming a hypanthium ( fig. 5L; fig. 6D fig. 8A ). Overlapping initiation of corolla and androecium ( fig. 3D; fig. 8E , 8F) and of corolla and gynoecium ( fig. 4C ) were observed. In Xanthophylleae, Carpolobieae, and Moutabeae, there are five petals ( fig. 5B, 5K ; fig. 6A, 6H ). However, in Polygaleae, only three petals develop: one abaxial keeled petal and two adaxial petals ( fig. 2D-2F ; figs. 3N, 4N ; fig. 8I, 8J; fig. 9H ); the lateral petal primordia are arrested after initiation or not formed at all ( fig. 3G-3I , 3K, 3L; fig. 4H, 4Q ; fig. 7L ; fig. 8I, 8J) . In cases where lateral petal primordia are formed, they are similar in size to early stages of the adaxial petal primordia ( fig.  7B, 7C ). In the samples of S. cylindrica ( fig. 9A-9C, 9F ) and E. papuana ( fig. 4L , 4M, 4P) without paired bracteoles, the lateral sepals grow simultaneously with the abaxial petal and lateral petals are absent. Calyx and corolla are adnate in Moutabeae. In Barnhartia, Diclidanthera, Eriandra, Moutabea, Epirixanthes, and Salomonia, a corolla tube develops. In Epirixanthes and Salomonia, the corolla tube is very short ( fig. 9H ) and develops late by postgenital fusion of the enlarged sides of the petals. In Barnhartia, Diclidanthera, and Moutabea, insufficient early stages were available for reconstruction of corolla tube development, which was inferred from well-developed floral buds ( fig. 6F ). In Xanthophyllum ( fig. 5G ) and most Polygaleae, there is proximal fusion of petals and androecium. In D. bolivarensis, the androecium is adnate to the corolla, forming a solid, long, tubular structure of connate androecium (mid-development); at the top, the gynoecium emerges from the bud center. J, Lateral view of a young fruit surrounded by persistent sepals. K, Lateral view of fleshy fruit. L, Polar-side view of inflorescence; some floral buds flanked by bracteoles. M, Detail of floral bud flanked by a bracteole; sepal primordia are initiating unidirectionally from the abaxial to the adaxial side. N, Polar view of bud with abaxial sepals and three imbricate petals. O, Bud flanked by bracteoles before petal initiation. P, Floral bud after stamen initiation (lateral view). Q, Bud in polar view, with just three stamens and with locules differentiating. Arrowheads indicate petals; asterisks indicate stamens; 6F ). Petal lobes are free, except in Diclidanthera, Muraltia, and Eriandra. Petal aestivation is contorted in D. bolivarensis ( fig. 6H ), Carpolobieae, and Xanthophyllum and valvate or (more frequently) imbricate in B. floribunda. Corolla symmetry in adult flowers is zygomorphic in all tribes, except in the actinomorphic Moutabeae. At the distal part of the abaxial petal of Polygaleae, a crestlike structure emerges when this petal is covering the reproductive whorls ( fig. 10 ). The crest is absent from Carpolobieae, Moutabeae, Xanthophylleae ( fig. 5B, 5L; fig. 6H ), and some Polygaleae, such as Bredemeyera, Comesperma, Monnina, Salomonia ( fig. 9H ), and some Polygala spp. When present, the crest exhibits three main types: (1) with multiple divisions ( fig. 10A-10O ), (2) with two main undivided branches ( fig. 10P ), and (3) with a folded appearance ( fig. 10S, 10T ). In Polygala vulgaris, a crestlike structure with short but multiple divisions develops at the lateral side of the abaxial petal rather than at the distal portion ( fig. 10Q, 10R ). Crest development begins with a few outgrowths derived from the petal, which divide in multiple portions before their enlargement.
Androecium
In most Polygalaceae, initiation of stamen primordia occurs in a rapid sequence, except in Bredemeyera floribunda, Monnina spp., Securidaca, and some Polygala spp., in which the abaxial primordia are initiated first (not shown). No stamen is formed at the median plane, except in Epirixanthes ( fig. 4D-4F, 4Q) , Muraltia ( fig. 8G, 8H ), and Salomonia ( fig.  9C, 9F ), which possess one stamen in the median plane abaxially. In Carpolobieae, a median stamen primordium appears at the adaxial side ( fig. 2C ). In several species of Polygala, the stamens do not initiate as independent primordia but arise from common meristems abaxially and laterally ( fig.  3D ). In S. cylindrica, some floral buds possess stamens formed by two fused primordia (not shown). Antesepalous and antepetalous stamen primordia seem to form a single whorl ( fig. 3E, 3F; fig. 4D-4F, 4Q; fig. 7B , 7I, 7L, 7N; figs. 8H, 9C) from their initiation. Tribe Carpolobieae lacks antepetalous stamen primordia ( fig. 2C ). The number of adult stamens in Moutabeae, Xanthophylleae, and most Polygaleae is eight ( fig. 1 ), but species of Carpolobieae and Muraltia possess five and seven stamens, respectively (figs. 2C, 8H), and Epirixanthes and Salomonia possess three or five ( fig. 4 ; fig. 9C, 9F ). Stamens are shortly fused at the base, in Xanthophyllum amoenum, Xanthophyllum adenotus, and Xanthophyllum clovis ( fig. 5F ), or free, in Barnhartia floribunda, and connate in all other Polygalaceae, forming a rigid stamen sheath ( fig. 2 ; figs. 3M, 4I, 8K). After anther differentiation, the androecium acquires zygomorphic symmetry, with the stamens bent toward the abaxial side of the floral buds. In Barnhardia, Diclidanthera, and Moutabea, the stamens are equidistantly positioned from the carpel without bending. Anthers are basifixed in Polygalaceae but dorsifixed in X. amoenum ( fig. 5F ). Anther dehiscence is ''U-shaped'' in Moutabeae and Carpolobieae ( fig. 6F, 6G, 6I ), longitudinal in Xanthophylleae ( fig. 5E ), and porate distally in Polygaleae ( fig. 3M ). Bisporangiate anthers with two locules occur in Diclidanthera, Epirixanthes, Comesperma, Moutabea, Polygala 
Gynoecium
The gynoecium is syncarpous in all Polygalaceae, with two carpels in Xanthophylleae and Polygaleae ( fig. 1; fig. 3J ; fig.  4E, 4K; fig. 5J ), three in Carpolobieae ( fig. 2C ), and a variable number in Moutabeae (two to five in Moutabea, five to seven in Diclidanthera [ fig. 6A, 6C] , two or three in Barnhartia, three or four in Eriandra and Balgoya). In the bicarpellate Monnina and Securidaca, the adaxial carpel is reduced in size with respect to the abaxial one just after locule differentiation, producing a pseudomonomerous condition ( fig.  7L-7O ). In mature ovaries of Moutabea, two long extensions are derived from the distal portion of the ovary wall ( fig. 8L ). The style is hairy in Xanthophyllum and Moutabeae, excluding Moutabea ( fig. 5A-5C ), and glabrous in Carpolobieae ( fig. 6J, 6K ). The stigmatic lobes can develop and grow separately ( fig. 11A-11E; fig. 12 ) or in close contact with each other ( fig. 11F-11O ). The general number of stigmatic surfaces is two, but occasionally three ( fig. 11F) or  four (fig. 11H ) are found, with stigmas in close contact with each other. In Polygalaceae, there is usually one ovule per locule, with apical axial placentation. In Xanthophyllum, there are two to many ovules per locule, with parietal placentation. It is common to have a receptacular disk either uniformly surrounding the ovary ( fig. 5D ) or with asymmetric disposition facing the adaxial side ( fig. 9I) . In Bredemeyera floribunda, the adult flowers possess an apparently secretory tissue at the proximal part of the androecium (not shown).
Discussion
Stigma and Crest Morphology in Polygalaceae
A characteristic crest represents one of the iconic features of many Polygaleae. This structure, located at the distal part of the abaxial keel petal ( fig. 10 ), is possibly a tool for flower visitors to open the keel petal and release the stigma full of pollen (Westerkamp 1997) . The crest changes color (Westerkamp and Weber 1999), which also indicates a role in insect attraction. The crest develops relatively late in floral ontogeny, and its different morphologies are homoplastic (Bello 2008) . Polygalaceae lack the crestlike structures in the lateral petaloid sepals (wings) that occur in Leguminosae. Legume wing crests have been described as ''corrugated iron sculpturing'' in the upper basal parts of these petals (Stirton 1981) ; this description resembles the crest morphology observed in the lateral flanks of the abaxial petal of Polygala violacea ( fig. 10Q ). Whether the crest location in P. violacea represents a pollination shift similar to that of crested legumes is unknown. In P. violacea, there is also a shift in the location of the stigmatic surfaces (fig. 12C) ; the abaxial stigma appears to be secretory, and the adaxial surface is hairy (contrast with fig. 12E-12I ). Although this is the only observed case where crest and stigma morphology show associated changes, it is possible that traits formed during late development form ''organ syndromes'' that respond to pollination or reproduction dynamics.
Our study shows that the remarkable stigmatic diversity in Polygalaceae (figs. 11, 12), a family with primary, secondary, and tertiary pollen presentation (Westerkamp 1997; Westerkamp and Weber 1999) , is based on two primary morphological types. (1) Most commonly, the papillate stigmatic surfaces lie close together ( fig. 11F-11O; fig. 12N ). This stigma type occurs in Xanthophylleae, Moutabeae, Carpolobieae, and some Polygaleae. (2) In other Polygaleae, the stigmatic surfaces are physically separated (asymmetric), with a crater between them ( fig. 11A-11E; fig. 12 ). The abaxial surface presents the pollen, and the papillate adaxial stigmatic surface produces a sticky fluid that is smeared onto the pollinator to adhere to pollen (Brantjes and van der Pijl 1980; Westerkamp and Weber 1999; our fig. 12M ). The abaxial fig. 12E-12I ) or smooth ( fig. 12J-12M ). The various brush types appear to be associated with the pollen presentation mechanism by which the pollen is pumped out of the carina, where the pollen is deposited after its release from the anthers (Westerkamp 1997) . This specialized morphology of the stigma surfaces appears to be associated with chasmogamous flowers in Polygala (Weekley and Brothers 2006) , suggesting that this character influences outcrossing in the genus. Interestingly, in P. violacea, the relative positions of the stigmatic surfaces are reversed, so that the abaxial surface is receptive and the adaxial surface brushlike ( fig. 12C ). It remains unclear whether such remarkable diversity in stigma morphology in Polygalaceae is associated with the effectiveness of pollen collection by the pollinator, particularly in Polygaleae, where floral structure is otherwise well conserved. In the genera of Polygaleae with stigmatic surfaces close to each other (Bredemeyera, Epirixanthes, Salomonia, and Securidaca; fig. 11F-11I, 11L, 11M) , comparative morphology suggests that this condition is nonhomologous. Closely appressed stigmatic surfaces could represent the ancestral condition in Bredemeyera and Securidaca, but in Epirixanthes and Salomonia this condition appears to be derived from distinctly separate stigmas.
Accelerated Development and Decreased Floral Size
In some Polygalaceae (e.g., some Polygala spp.), accelerated floral development is characterized by a temporal overlap between initiation of petal and stamen primordia or between initiation of corolla and gynoecium primordia, together with rapid growth of the ovary locules before the perianth covers the flower, and initiation of ovules before carpel closure (Tucker and Kantz 2001) . Such accelerated development could be associated with decreased flower size and self-fertilizing flowers, both phenomena in which selection favors rapid completion of the life cycle (Mazer et al. 2004) . Several species of Polygala occupy open habitats such as grasslands with sandy or acidic soil (Bernardi 2000) , often seasonal ecosystems where fires are frequent and there is a demand for a rapid life cycle in order to set sufficient seed. The keeled flowers of Polygalaceae can be as small as a few millimeters across, suggesting autogamy in these species (Westerkamp and Weber 1999; Goodwillie and (Wirz 1910) , and Muraltia heisteria (Levyns 1949 ) also seems to indicate autogamy. Even when the possibility of outcrossing exists, accelerated floral development and small size could be beneficial in cases where inflorescences produce many flowers in a short time span, enhancing the display to pollinators. Accelerated life cycles could be promoted by other features, such as increased aperture number in the pollen grains, that offer a potential selective advantage due to the increase in prospective germination sites (Furness and Rudall 2004) . Polygalaceae have polycolporate pollen grains with a range of 6-30 ectoapertures (Banks et al. 2008) .
Structural Patterns of the Androecium
Four primary androecial patterns occur in Polygalaceae: (1) octomerous, with antesepalous and antepetalous stamens pres- fig. 2A, 2F) ; (2) pentamerousantesepalous, with a median adaxial stamen (fig. 2C) ; (3) heptamerous, with a median abaxial stamen (fig. 2D) ; and (4) pentamerous, with a median abaxial stamen ( fig. 2E ). Patterns 3 and 4, observed in Muraltia and Salomonia/Epirixanthes, respectively, could be derived by reduction from pattern 1. However, this hypothesis contrasts with Prenner's (2004b) suggestion that there has been reduction of the two median stamens during the course of floral evolution in Polygalaceae (see his fig. 28 ), in which case the presence of one or more median stamen(s) would be the plesiomorphic character state. In Salomonia/ Epirixanthes, reduction is achieved by fusion of adjacent sta- 
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INTERNATIONAL JOURNAL OF PLANT SCIENCES mens (fusion is inferred here because some floral buds possess two abaxial stamen primordia in locations where only one stamen is ultimately formed). However, such fusion is not evident in Muraltia, in which only one stamen primordium is evident. No corolla or gynoecium traits are associated with the different androecial patterns in Polygalaceae. Pattern 1 occurs in the zygomorphic Polygaleae (with three fully developed petals) and the mainly actinomorphic Moutabeae (with five fully developed petals). If androecial octandry is derived by loss of two stamens in an originally diplostemonous androecium, as suggested by Ronse Decraene and Smets (1994) and Prenner (2004b) , then the relatively common octomerous pattern 1 in Polygalaceae could be derived from the pentamerous condition in the Fabales ancestor.
Despite the common presence of a stamen sheath in both Polygalaceae and Leguminosae, there are some differences in the androecia of these two families. Adnation of corolla and androecium occurs in keeled flowers of Polygalaceae, whereas it is relatively rare in Leguminosae (Westerkamp and Weber 1999) . Organ fusion in Leguminosae, when present, is usually restricted to members of the same whorl (but see exceptions in Tucker 1987) . In some legumes, novelties such as ring meristems, common primordia, or extra stamens are additional to the basic ground plan (Tucker 1989 (Tucker , 2003 . In some Polygala species, we observed a common stamen primordium ( fig. 3D ), but this feature does not affect stamen merosity.
Structural Patterns of the Gynoecium
Within Fabales, the gynoecium ranges from pentamerousapocarpous in Quillajaceae and Surianaceae (Bello et al. 2007 ) to syncarpous and mostly bicarpellate or tricarpellate in Polygalaceae (or two to seven carpels in Moutabeae; fig.  2 ), to monocarpous in most Leguminosae. Within a single flower of Polygalaceae, some carpels can be antepetalous and others antesepalous ( fig. 2C-2F ). In the pentamerous Diclidanthera (tribe Moutabeae), the carpels are antepetalous, as in isomerous flowers with whorl alternation (fig. 2B ). In Carpolobieae, there are three fused carpels, two abaxial (one antesepalous, the other antepetalous) and one adaxial and antesepalous ( fig. 2C ). In general, the gynoecium in Polygalaceae corresponds to a bicarpellate, syncarpous condition with apical axial placentation (cf. Xanthophyllum, with parietal placentation). Pentamerous flowers, if isomerous, have five carpels, but carpel reduction can result in three carpels (Ronse Decraene and Smets 1998) . Such reduction could explain the tricarpellary gynoecium of Carpolobieae, which could be interpreted as homologous with the trimerous condition in Moutabeae. This interpretation is supported by the phylogeny of Polygalaceae, where the tribes Carpolobieae and Moutabeae are both monophyletic and sister to each other (Bello 2008) . Occasional trimery has been reported in the Moutabeae genera Balgoya, Barnhartia, and Eriandra. The only difference between the gynoecial organizations of Carpolobieae and Moutabeae is that the tricarpellate condition is stable in Carpolobieae. If trimery is homologous between Carpolobieae and Moutabeae, then the number of gynoecial patterns in Polygalaceae is reduced to two: syncarpous bicarpellate and multicarpellate. In the pseudomonomerous gynoecium of Monnina and Securidaca, only one carpel is fertile, although the gynoecium is clearly bicarpellate during early ontogeny ( fig. 7C, 7I, 7L, 7O ). In contrast, monocarpellate ovaries can result from a decrease in carpel number in apocarpous gynoecia (Ronse Decraene and Smets 1998), which could be the case in Leguminosae if Quillajaceae and Surianaceae, which are both pentamerous and apocarpous, are its sister groups.
Lateral Floral Module in Polygalaceae
Evolutionary modules are suites of characters that are closely integrated and operate independently from other modules (Wagner 1996) . Flowers are phenotypically integrated units in which correlated characters with a common developmental regulation (modules) can be maintained in close relatives despite evolutionary changes in morphology. Our comparative study of floral development in Polygalaceae suggests that the lateral perianth organs constitute an evolutionary module that is subject to selection independent from other parts of the flower. Apparently correlated transformations of the bracteoles, lateral sepals (delayed initiation and petaloid appearance), and lateral petals (suppression or loss) indicate that this part of the flower acts as a dynamic integrated unit. Interconnected lateral transformations are maintained across most species of the tribe Polygaleae.
Changes in perianth symmetry in Polygalaceae are associated with three early developmental events: delayed (heterochronic) initiation of the lateral sepals, reduction/abortion of the lateral petals, and close interaction of the bracteoles with the floral buds. The two primary calyx morphologieshomomorphic (i.e, all sepals alike) and heteromorphic (i.e., with lateral petaloid sepals, occurring in most Polygaleae)-share a helical initiation pattern, which is modified to a bi-or unidirectional pattern in some Polygaleae. However, the plastochron between initiation of the abaxial/ adaxial sepals and that of the lateral sepals is longer in heteromorphic species than in homomorphic species (cf. our figs. 3 and 7 with fig. 2 of van der Meijden 1982). Even in the two Polygaleae with a homomorphic calyx, Epirixanthes and Salomonia (Polygaleae), the lateral sepals are relatively delayed during initiation (figs. 4B, 9A). Delayed initiation of the lateral sepals in Polygalaceae imposes a distinctive zygomorphic pattern on the calyx, which is reinforced during later development by the petaloid features of the lateral sepals.
By contrast, in the petal whorl, the difference between a zygomorphic and an actinomorphic corolla involves organ suppression rather than heterochrony. In zygomorphic species of Polygaleae, the lateral petals are arrested after their initiation or are simply not formed ( fig. 3K; fig. 4D, 4Q ; fig. 7F, 7K ; fig. 8F, 8J; fig. 9F ). In actinomorphic Polygalaceae such as Xanthophyllum, the corolla can shift to zygomorphy during late development. Thus, the bilaterally symmetrical corolla of Polygalaceae is derived from at least two different developmental routes: (1) during early development, involving lateral petal reduction (tribe Polygaleae), and (2) during late development, by differential petal growth (tribes Xanthophylleae, Moutabeae, and perhaps Carpolobieae). Changes in perianth symmetry in legumes are different from those of 495 Polygalaceae. For example, in the actinomorphic Lecointea clade (Swartzieae s.l., Papilionoideae) and Cadia (Sophoreae, Papilionoideae), early development resembles that of zygomorphic species, with radial symmetry achieved relatively late (Tucker 2002b; Mansano et al. 2004 ). The actinomorphic flowers of Gleditsia spp. and Ceratonia siliqua (Caesalpinieae) have a suite of unique ''chaotic'' developmental features, compared with other actinomorphic legumes (Tucker 1991) .
Bracteoles are defined by their position with respect to the flower, as leaflike phyllomes that typically flank (i.e., positionally precede, rather than subtend) a flower (Prenner et al. 2009; Rudall and Bateman 2010) . In addition to their role in protecting the bud, the bract and bracteole are often regarded as influencing the structure of the flower during its early development (Endress 1994) , especially the size and location of the first-formed floral organs. Integration of the bracteoles with the floral flanks is correlated with the presence of a heteromorphic calyx in Polygalaceae. In Xanthophyllum and members of Moutabeae with a homomorphic perianth, the bracteoles are not closely attached to the bud (not shown; M. A. Bello, personal observation) as in heteromorphic species. Furthermore, in the actinomorphic Polygaleae Salomonia and Epirixanthes, bracteoles are usually absent (Eriksen 1993a ) and the lateral sepals are not petaloid. These factors suggest that in the heteromorphic species, the bracteoles have a negative influence on the petaloid condition of the lateral sepals. Interestingly, in occasional individuals of Epirixanthes papuana that possess one or two bracteoles, sepal initiation is unidirectional rather than helical ( fig. 4M ). Thus, our study suggests that interaction between the flower and the bracteole affects the development of keeled flowers in Polygalaceae, extending from the sepallike bracteoles through the petaloid lateral sepals to suppression of the lateral petals. Petaloidy of the lateral sepals has clearly evolved together with other floral traits and does not appear to represent random transference of gene function between closely located appendages within the flower. Evaluation of the role of the evolutionary module in the lateral flanks of the flowers of Polygalaceae is currently underway, using phylogenetic and developmental-genetic studies (M. A. Bello, J. A. Hawkins, and P. J. Rudall, unpublished manuscript) .
In Leguminosae, flower/bracteole interaction appears to influence both initiation and merosity of perianth primordia and possibly the acquisition of petaloid features in the calyx and the bracteoles themselves. Papilionoid flowers have a predominantly unidirectional initiation of organs (Tucker 1984) , but in papilionoids with suppressed or absent bracteoles, the order of sepal initiation could be modified to bidirectional (Prenner 2004c) . Detarioid legumes (Caesalpinioideae) show a range of perianth morphologies associated with massive bracteoles (Tucker 2000a (Tucker , 2002a (Tucker , 2003 . It will be interesting to examine whether the papilionoid genera of Leguminosae that exhibit two petaloid lateral sepals (i.e., Dipteryx and Pterodon, of the Dipterygeae) show bracteole behavior similar to that of heteromorphic Polygalaceae. In Duparquetia orchidacea (Caesalpinioideae), in which the calyx is petaloid, with the two lateral sepals distinguished morphologically by the presence of lobes, the bracteoles remain small and apparently have limited function in bud protection; nevertheless, initiation of the lateral sepals is remarkably delayed in comparison with the other sepals (Prenner and Klitgaard 2008) .
Our data support the now widely accepted view that functional convergence between the keeled flowers of the Papilionoideae and the Polygalaceae is morphologically superficial. Despite some ontogenetic similarities, the morphologies of the two types of keeled flowers are fundamentally different. Further investigation of this functional convergence is limited by the lack of a resolved and robust phylogeny for the order. Attempts to recover well-supported interfamilial relationships within Fabales using molecular data have proved problematic (Doyle et al. 2000; Persson 2001; Bello et al. 2009 ). A recent age estimation within legumes (Lavin et al. 2005) suggested that papilionoids diversified earlier than caesalpinioids and mimosoids, indicating that keeled flowers evolved at an early stage and could have been present in ancestral Fabales. In the light of these findings, it remains possible that keeled flowers could have been phylogenetically continuous through evolutionary time, perhaps representing a ''deep homology'' resulting from an underlying feature that predisposes evolution of similar keeled structures. Further studies will explore this hypothesis, utilizing a resolved phylogeny and incorporating ontogenetic data for the entire order.
